Abstract The translation of genomics into medicine would benefit from a public that has a strong foundation in core genetics principles and that is able to access, identify, and use reliable information. Unfortunately, public understanding of genetics is generally poor, a condition that can be traced to deficiencies in formal science education, weaknesses in representations of genetics in the media and on the Internet, and the limited knowledge and involvement of health care providers in patient education. Notwithstanding these challenges, the Internet, media, and health professionals likely will remain major sources of public education. Whether those sources contribute positively or negatively will depend, in part, on the public's ability to discriminate high-quality from low-quality information and on health providers' understanding of genetics and their willingness to engage in the genetics education of their patients.
Introduction
Genomic medicine is much in the news, from direct-toconsumer genetic testing to the use of cell-free DNA for prenatal diagnosis, and as the complexity and clinical implications of the technology increase, so does the importance of producing a well-educated adult public capable of thoughtful use of those interventions. The evolution of genetic medicine itself requires a careful rethinking of our approaches to public education to ensure that its content reflects the actual nature of our understanding of genetics and its relationship to health and disease.
The content of modern genetics education as it relates to health care is still conditioned-and constrained-to some extent by history. As Childs has explained, and as Fig. 1 illustrates, genetics found its way into medicine through the inborn errors of metabolism, whose natural home was pediatrics [1] . That focus on Mendelian disorders set a conceptual approach to the discipline that served it well, but that also impeded appreciation of the relevance of genetics to other areas of medicine. The recent explosion of genomic data and their relevance to the major causes of morbidity and mortality worldwide, however, require the integration of genetics into all medical specialties.
Because genomics is now finding explanatory power in common, complex disease, we must prepare the public to participate in a health care paradigm that acknowledges the multifaceted interactions of genetic and environmental variables in the onset and expression of disease and in prevention and treatment. For example, the College of American Pathologists recently developed guidelines for the use of pharmacogenetic testing to improve the treatment of certain breast cancers. Herceptin and related drugs that target the human epidermal growth factor receptor 2 (HER2) improve survival in cases of HER2-positive invasive breast cancer, and avoiding its use in HER2-negative patients, for whom those drugs will be ineffective, minimizes adverse events and saves time and money [2] . In another example, patients requiring the blood thinners warfarin or clopidogrel often face complications due to variations in sensitivity to the drugs, which we now know are often related to genetic variation in the CYP2C9 and VKORC1 genes. The American College of Medical Genetics and Genomics has developed recommendations for the use of pharmacogenetic testing for those genes [3] , and a number of FDA-cleared tests are being marketed, even though the FDA does not require testing as part of its labeling requirements for those drugs. Wide-scale adoption of genetic tests to improve dosing for many drugs should await the results of large, randomized controlled trials [4] , but the trend toward medicine informed by genetics is clear. This new view of genetics requires new approaches to genetics education for the public, approaches that go beyond the traditional concentration on single-gene characters and Mendelian principles.
Adoption of genetic tests in clinical care also will require health insurers to develop coverage and reimbursement policies for these tests. Medicare, being a large-scale health insurance provider, develops standards for coverage and reimbursement that often are adopted by private insurers and state Medicaid programs. Previously, the Medicare billing system focused on general laboratory procedures used to generate test results (e.g., DNA isolation, PCR) rather than a specific genetic test. In 2012, the Centers for Medicare and Medicaid Services (CMS) developed gene-specific codes for approximately 100 genetic tests to be used by Medicare Authorized Contractors (CMS, Recurring Update Notification, Pub. No. 100-04, Transmittal 2365, Change Request 7654, dated 9 December 2011). This new system provides increased transparency in CMS coverage decisions for genetic tests, which will likely influence other insurers. The time needed to gather more evidence, develop decisionsupport tools, and further integrate genetic testing into insurance and health care systems is time that can be used profitably to ramp up educational efforts.
Reasonable lists of concepts defining genetic/genomic literacy, or, in the case of health professionals, ''competencies,'' have been developed for numerous audiences, ranging from high school students to undergraduates to physicians and allied health professionals [5 • , 6, 7, 8 • , 9 •• , 10, 11 • ]. Thus, establishing consensus on the important ideas around which educational programs should be developed is not a limiting factor in educating the public or health provider community. Notwithstanding that any list of essential content in a rapidly developing field is necessarily a moving target that will require periodic revision, the greater problem is that even well-established and longstanding genetic principles have not been assimilated into general public knowledge or integrated into medical training and practice. In this article, we will review some of the major deficits in understandings and the reasons that these gaps persist.
Objectives for Public Genetic Literacy
One of us (JDM) has suggested two central objectives for the promotion of genetic literacy among the public-adult or otherwise: (1) to foster an understanding of the history and nature of life on earth, including the history and structure of the human population, and (2) to prepare the public for a future where genetics will inform virtually all aspects of health and disease and where we will move toward a prevention-based paradigm that will require full partnership from an informed public [12] .
Uncertainty is a central feature of medicine in general, and it is perhaps a bit counterintuitive for the public to understand that more genomic data will increase that uncertainty in the short term rather than decrease it. Complexity and uncertainty will be guiding principles in genomic medicine, and providers and the public must know how to deal with them-conceptually and practically, as when making decisions about treatment and management. Complexity and uncertainty will compound the already well-documented challenges related to the public's understanding of risk [13, 14] .
Among the general messages that should be inherent in genetics education for the public are the following:
• ''genes are not there to cause disease'' [15] ;
• there is a difference between genes and variants, i.e., all of us have the same 20,000 genes, but we all have different variants of those genes;
• some diseases aggregate in certain populations and ethnic groups. We know the reasons for that aggregation in some instances, but not many, and the explanations are rooted in evolution theory; and
• disease itself is a function of the genetic variation necessary for the survival of the species; some of that variation will be disadaptive in some environments, resulting is what we know as disease [1] .
Limited Baseline Knowledge of the Lay Public
Research clearly indicates that problems with genetic literacy are pervasive in adults. Adults generally understand genetics in the context of heredity, but have less knowledge about gene structure, cellular location, and function [16, 17] . They also generally believe that health conditions are influenced by both genes and other factors, but do not express specific understanding of the gene-environment interaction [13, 17] . For example, the public resists the notion that genes might be identified that influence conditions they associate with the environment, and they consider genes as acting separately from the environment
Literacy levels also tend to be lower among older adults [20] . As genomics moves into medicine, this may be particularly problematic because older patients are the most likely to be affected by common complex diseases, such as cancer and heart disease, and the impact of pharmacogenetics. Our understanding of the genetic architecture of complex disease has benefitted tremendously from advances in genotyping and sequencing technology, and many health care organizations, such as pharmaceutical companies and hospital systems, are eager to exploit new research findings for competitive advantage. Other factors that affect adult genetic literacy include extent of formal education, which correlates positively with understanding, and, in some studies, membership in underrepresented racial and/or ethnic groups, which correlates negatively [21, 22 • ] . If the latter differences are real, the problem of disparity in health care delivery and health outcomes, which already challenges underserved communities, will grow to encompass genomic medicine.
Studies that deal with public understanding in the specific context of genetic testing suggest further reasons for concern. Kaphingst et al. [22 • ] found that people holding deterministic interpretations of genetic test results, or the belief that traits and diseases are primarily genetically determined, are likely to have lower education levels and to be confused about genetics concepts. Customers of directto-consumer (DTC) genetic tests tend to have low knowledge, but their intention to purchase a DTC test is driven by how much they think they know [23] . Furthermore, a large majority of DTC test customers said they would share their results with their physicians, but fewer than one-third actually did [24] . O'Rourke also found that about one-third of users equated their DTC test results with a diagnosis and raised the possibility that unrealistic expectations by the public could harm genomic medicine [24] .
There is reason to believe that DTC testing companies take education seriously because their business model depends, in large part, on consumers deriving value from the information they offer (e.g., test results, interpretations, explanations). Production of high-quality educational materials, however, requires more than good intentions. In a study of 29 DTC genetic test company websites, Lachance et al. [25 • ] found that the educational quality of the information offered varied widely and that many users struggled to find and understand important information, in part because of a reading level that was too high. By providing genetic test results without high-quality educational materials, DTC companies risk misinterpretation of results by consumers, an outcome that is particularly troubling if the consumer uses the results to self-manage a health-related condition.
The potential for harm to consumers prompted the FDA to issue a warning letter to the DTC company 23andMe in November 2013 [26] . The FDA charged that 23andMe was marketing tests without clearance or approval and that further sales had to be discontinued until approval was obtained, citing concerns about test accuracy as well as the release of genetic test results to consumers without the appropriate medical guidance. Shortly after receiving the warning letter, 23andMe stopped offering new customers access to their DTC tests and indicated the company will pursue regulatory approval from the FDA. It is not known whether the rush to market DTC genetic tests to consumers (and subsequent suspension of 23andMe's DTC test) might have a negative impact on the public's trust and views of genetic testing.
The privacy of genetic information, and the public's understanding of current privacy protections, also may influence public acceptance of genetic testing in medicine. The Genetic Information Nondiscrimination Act (GINA), which protects against discrimination in health insurance and employment on the basis of genetic information, illustrates the need to include a policy dimension in genetics education and our goals for genetic literacy. Since GINA's passage in 2008, three cases of genetic discrimination in the workplace have resulted in lawsuits filed by the Equal Employment Opportunity Commission. All cases have involved pre-employment medical exams that included questions about family medical history, which is considered genetic information under GINA. The first lawsuit was settled in the US District Court for the Northern District of Oklahoma (Civil Case No.: 13-CV-248-CVE-PJC), and the other cases are pending.
The public has a limited understanding of GINA and the protections it provides. In a study of individuals contacting a disease-advocacy group, approximately 20 % eschewed genetic testing because of concerns about health insurance discrimination [27] . When first considering genetic testing, more than half of study participants expressed concerns over health insurance and nearly a third also worried about impacts on employment. Perhaps more troubling, in a study of family physicians' understanding of GINA conducted nearly a year and a half after the law's passage, approximately half were unaware of the law's existence [28] . This finding suggests that many physicians will be ineffective as advocates for genetic testing with patients who express reservations because of fears of discrimination.
Influence of Formal K-12 Education on Literacy Levels
Much of what the public understands about genetics comes from the last biology course most people have taken, which, generally speaking, was in 10th grade, and from the media and Internet. At the high school level, misconceptions about meiosis and basic inheritance patterns are common, and gold-standard national exams (e.g., the National Assessment of Educational Progress) reveal poor understanding of basic concepts such as genes and mutations [29, 30] . State science standards, which govern what will be assessed (and thus taught), have been found inadequate with respect to genetics in 85 % of states [5 • ].
Particularly lacking in the high school curriculum is attention to concepts reflecting the expansion of our understanding of genetics as it has become genomic in scope, for example, differential gene expression, the difference between somatic and germline disease, and the contributions of multiple genes (and the environment) to phenotypes (i.e., polygeny, multifactorial inheritance). The curriculum also fails to address the nature and methods of science adequately, which leaves students ill prepared to answer questions such as ''what constitutes sound evidence?'' This may leave the public susceptible to information of questionable merit. Alternative approaches to the genetics curriculum have been proposed to help rectify some of these deficiencies, but research is needed to determine the efficacy of those approaches [31, 32] .
Regardless of the changes experts recommend, textbook publishers tend to be conservative and will be slow to adopt broad changes, in part because of the outsized impact of ''textbook-adoption states,'' especially large ones such as Texas and Florida. To ensure adoption of their textbooks by state boards of education, which are often elected and highly political entities, publishers take a conservative approach that avoids the inclusion of content perceived by some, often small vocal minorities, as controversial or unfamiliar. This situation works against substantive change in any subject, including biology and genetics. Compounding the curriculum problem is that fact that not all biology teachers are well qualified to teach genetics. Fortysix percent of high school biology teachers do not have a degree in biology, and 26 % have never taken a college genetics course [33] .
Influence of the Media as a Common Source of Information
The mass media is a significant source of information for the general public. As a consequence, experts frequently express concern about the health and science information conveyed through media sources. In terms of genetics in the media, one of the most recurrent concerns is promotion of genetic determinism [34] . Not all analyses, however, have supported this concern [35, 36] , and some researchers have suggested that genetic determinism in the news media actually may be decreasing over time [37] . What is found more consistently, particularly in stories on the medical and forensic applications of genetics, is overstatement of the potential of genetic technology that may lead to unrealistic public expectations (termed ''genetic optimism'' by Conrad) [38] [39] [40] .
Analyses of recent media coverage of Angelina Jolie's decision to undergo double mastectomy as a result of a positive BRCA 1/2 test highlight another common problem: oversimplification. Kamenova et al. [41] found that many stories on Ms. Jolie's decision were missing key information about how rare BRCA 1/2 variants are in the general public. As a result, even members of the public who could accurately recall Ms. Jolie's breast cancer risk could not contextualize that information to an average woman's risk of developing breast cancer [42] .
Unfortunately, some of the inaccuracies found in news media can be traced to research press releases and geneticists themselves. Although press releases tend to reflect primary research papers more accurately than do news stories, even claims sourced from institutional press releases have a wide range of accuracy [43 •• ] . In addition, Brechman and Lee found that, in general, news stories increased in accuracy when reporters consulted outside experts but not when they consulted study authors alone. These results indicate that at least some oversimplification and genetic optimism may be due to the desires of researchers and their institutions to promote the significance of their studies to the general public.
Influence of the Internet as a Common Source of Information
In the most recent Pew Health Online survey, 72 % of Internet users (59 % of the general US adult population) reported accessing online health information, with the large majority turning to search engines such as Google rather than specialty sites such as WebMD [44] . Studies of health information available online, including information on genetic conditions, indicate a wide range of information quality [45] [46] [47] .
One implication of starting with a search engine rather than a reputable medical site is that users have a higher probability of encountering popular information that is non-relevant or misleading. As a result, this usage pattern actually requires more sophisticated information-filtering skills on the part of the user. Studies show that features such as references to peer-reviewed articles, a top-level domain of .gov or .org, and lack of advertisements can indicate high-quality information [47] . Sites with those features, however, are widely dispersed, and the public uses both relevant indicators, for example, the appearance of the same information on multiple sites, as well as inappropriate indicators, such as site layout, to determine the credibility of presented information [48, 49] . As a partial corrective to this situation, Genetic Alliance and several partners created ''Trust It or Trash It?'' to help the public and health professionals evaluate the credibility of genetic information on the Web or elsewhere (http://www. ncbi.nlm.nih.gov/books/NBK115530/) [50 •• ] .
In addition to assessing the quality of information likely to be encountered, it is important to consider why the public uses the Internet for health information. Medical-genetics patients and parents of children with suspected genetic conditions report using the Internet to self-diagnose, to find specialists, and to increase their genetic literacy or acquire medical vocabulary [51] [52] [53] . In fact, patients may rely more heavily on the Internet as a source of genetics information than they do on health professionals [54] . Genetics patients report dissatisfaction with the information provided by health professionals as one of their motivations for accessing online information [52, 55, 56] . That dissatisfaction may be related to the well-documented gaps in health professionals' own understanding of genetics [9, 57] . In addition, a patient's desire to understand a suspected genetic condition as a way of coping [52] may run counter to the techniques medical professionals use to dispense information. A study by Wittmann et al. [58] found that 79 % of patients wanted as much information as possible about their diagnosis, whereas only 35 % of physicians were willing to provide all of the information at their disposal.
Overall, about half of Internet users looking for medical diagnoses share the information they find with a health care provider [44] . Given the reality of heavy patient use of the Internet and the variability in online information quality, clinicians should encourage their patients to share information found online and should point patients toward reputable sources whenever possible. Indeed, many genetics patients feel that clinicians have a duty to provide them with reputable online sources of information [51, 56] .
Implications of Low Public Literacy for Health Care Providers
The inevitable integration of genomics into mainstream health care will require a professional community that can initiate relevant conversations with patients and respond knowledgably to their queries. Although the practice of genetic medicine continues to evolve, it is likely that genetics professionals will continue to handle those disorders where the heritability approaches 1, e.g., metabolic disorders and chromosomal anomalies, whereas nongeneticists will continue to handle those disorders where the heritability is largely less than 1, e.g., cardiovascular disease, diabetes, and mental illness. Those providers, however, will have to bring an understanding of genetics/ genomics content to their diagnoses, clinical judgment, and patient management as continued research identifies salient genetic variants. Their genetic literacy must improve in concert with that of the public they serve if the field is to achieve its promise in personal and public health.
Conclusions
The improvement of public genetic literacy is an educational challenge that necessarily must address several levels of education and communication. Modernizing genetics education in public K-12 schools is an essential goal, but one challenged by a long time horizon, the complications (in the US) of local control over curriculum, and the baleful impact of uneven teacher quality. These significant barriers emphasize the importance of alternatives to formal K-12 education that may be more effective at promoting the integration of genomics into health care, especially in the near term. The media represent one such alternative, but present their own challenges, including representations of genetics such as genetic optimism and oversimplification of complex topics, which are due to a variety of issues stemming from both journalistic practices and failures in science communication. In communicating with the media, geneticists and their institutions must strive to clearly and accurately communicate complex information and resist the temptation to promise too much of genetics. Providing journalists with the names of third-party experts and encouraging media training for lead authors may reduce the inaccuracies conveyed to journalists and improve the balance and context of media coverage of genetics. The Internet is an almost ubiquitous tool for informing the public, and many sites provide reliable information about basic genetics, genetic tests, and applications of genomics to medicine. Such sites, however, are widely dispersed, and much of the public lacks the skill to discriminate effectively between sound and unsound information.
Information about genetics has never been more accessible, but much of it is oversimplified, overhyped, and misunderstood. Health care providers can help patients make sense of this confusion by presenting genetic information in a clinical context that is relevant to their patients. That clinical skill, however, will require that providers are willing to engage their patients in an early and open dialogue about genetics and that the providers themselves are confident in their own understanding of the field. Success does not require that providers be encyclopedic in their knowledge. Rather, by serving as arbiters of information quality, translators of complexity, and advocates for their patients, health care providers can assist their patients in educating themselves.
